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Foreword 


It should be recognized at the outset that a great many ways may exist to 
view a list of cometary apparitions in order to determine an “optimum” 
mission opportunity. Optimum is a subjective word; it depends in large 
measure on how well the “payoff* meets a set of constraints or 
selection criteria. The various criteria that have been generally accepted 
and validated in numerous forums in recent years provide the starting 
point for this review. From that point. I have extended the selection 
process to identify those options that remain for consideration as the first 
comet rendezvous mission. 
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Introduction 

Have we examined all the possibilities? Is there a chance that the 
“perfect” mission is still there waiting for our discovery? What 
assurances have we that our selection of a prime mission is the right one, 
made after a thorough search? These are the questions that provide the 
genesis for this review, requested by the FY78 Cometary Science 
Working Group (CSWG). 

There is a relatively extensive history of search activities for attractive 
comet mission opportunities. The activities were sketchy and not 
systematic until the Space Science Board (SSB) of the National 
Academy of Sciences heard strong arguments at a summer study in 
1970* on the benefits of studying comets from spacecraft. The out- 
growth was a recommendation to include a comet exploration program 
in NASA's overall thinking. 

Approximately one year after the 1970 Woods Hole summer study, the 
Planetary Programs Office in NASA’s Office of Space Science initiated 
several study projects concerning the small-body program. In 1971 . an 
Ad Hoc Comet and Asteroid Mission Study Panel 2 , composed of scien- 
tists, NASA Headquarters personnel, and personnel from NASA field 
centers, was formed. This panel included mission analysts to identify 
attractive mission opportunities for meeting the science objectives. In 
conjunction with the activity of the NASA panel, a symposium on 
comets 3 was held that included consideration of science strategy and 
several missions. In general, the mission selection process during this 
period emphasized opportunities from the mid-1970s to I985 4- ". 
Missions that emerged during these studies emphasized fast flybys, 
although capability to rendezvous through use of ion propulsion was 
recognized. The 1971 ad hoc panel was followed in 1973 by a more 
formally organized Committee on Comets and Asteroids. Again, the 
NASA committee of scientists was supported by NASA center and 
contractor personnel specializing in mission analysis. The search range 
for comet opportunities was broadened to examine options through the 
year 2000. 

The key won! in pursuing these searches was “opportunity.” What 
actually constitutes an opportunity? Just because a comet has been 
sighted does not automatically mean that an opportunity exists to fly an 
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instrumented spacecraft to it. A practical selection rationale was 
required based both on the technical and economic ability to deliver 
payload and on the potential science return. During this period, serious 
consideration was given to rendezvous and slow flybys that used ion 
propulsion. Opportunities at Comet Encke in 1980 and 1984 received 
the primary focus, but NASA funding restrictions precluded project 
starts for either of these opportunities. 

Throughout these efforts to secure approval for a comet mission, there 
was a continuing need to separate practical mission options from the 
entire field of cometary apparitions through the year 2(XX). To accom- 
plish this screening, it was necessary to develop quantifiable criteria 
relative to technical feasibility and science objectives and apply them to 
the lists of cometary appearance schedules. 


The Criteria 

The technical capability to deliver payload implies consideration of the 
orbital characteristics of the candidate comet and its timing w ith respect 
to Earth. At first glance, this could be taken to mean that it was 
necessary' only to search for minimum-energy transfers to intercept the 
comet at some selected position in its orbit If the objective were just 
"payload delivery ." a search for minimum-energy transfers might 
suffice: however, the primary concern must be the return of an 
acceptable quantity of scientific data. This implies a bounded relation 
between the vehicle and the comet, and brings in considerations of the 
comet environment (model), relative motion, observation time. etc. It 
broadens the selection criteria beyond considering only a simple 
intercept, and forces inclusion of orbital characteristics such as inclina- 
tion. eccentricity. Earth-comet distance, and arrival timing. 

The earlier studies provided the bulk of rationale for determining 
selection criteria. The criteria were generally revalidated during each 
successive comet study. Table I provides a summary list showing the 
general categories of selection criteria and the specific parameters used 
to quantify them. 

The selection rationale that derives from Table I concludes that 
cometary orbits with low orbital inclinations and low eccentricities 
require less propulsion energy to match their orbits; hence, a reduced 
technical capability is necessary to deliver a payload Reduced tech- 
nology requirements should imply lower overall project costs. 

Opportunities with low Earth-comet distances during the time interval 
from about MX) days before perihelion to MX) days after are attractive 
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Table 1. Selection criteria 


General Criteria 

Specific Criteria 
(Quantifiable Parameters) 

Technical capability for pay 

Inclination 

load delivery 

Probability of meaningful 

Eccentricity 

data return 

Comet characteristics 

Farth-perihchon distance 

(scientific) 

Nongravitational forces 
Sighting conditions 
Perihelion (istance 

Numbei of observed 
appaiitions 

Si/e 

Activity or model 


because close pimimity should lend lo ensure adequate data return 
during the comet’s more active perunl Lou Farth -comet distances 
during this period also often imply a reduced Might time, shorter system 
lifeline requirements, and consequently higher spacecraft reliability 

The correlation between data meusured in situ and simultaneous Farth 
based observations is also important This implies that the comet should 
be visible from Farth during the encounter period The Illinois Institute 
of Technology Research Institute (II l'Rh defined a sighting criterion for 
target selection' * II I'RFs recovery critcnon ranked candidates accord 
l* ing to the total number of hours they could he observed at a magnitude 

of 20 or belter, prior to 100 days before their perihelion passage The 
cumulative number used in the ranking required observability for tuo 
houis per day with the comet 2^ deg above the local hori/on and the 
Sun some IS deg below the hori/on Also, to place in the category of 
giHKl sighting. III RI required magnitudes les* than 12 at 100 days 
before perihelion This tends to identify opportunities with low Farth 
comet distances. “gtHKl" usually meaning that the minimum distance 
was less than I 0 \L at some |>oml in the near |vrihelion /one of the 
comet’s orbit 

To ensure maximum science benefit, and to permit instruments and their 
sensitivities to be selected as accurately as possible, an additional 

| 
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selection consideration should involve the number of recorded appari- 
tions and the resulting accumulated knowledge about the comet's 
nature, its environment, and the activity that will he encountered by the 
approaching spacecraft. Any comet considered as a possible mission 
target should have fairly detailed observations on at least two appari- 
tions. In addition, observations should be recent. Thus, comets with 
the shortest possible periods should, all other criteria notwithstanding, 
be good mission candidates. 

A general measure of the comet’s “si/e” is also included. If a comet 
exhibits a large coma, it should provide more observational time for a 
spacecraft in transit. Actually, it is extremely difficult to establish an 
accurate size. especially since coma si/e for a particular comet varies 
w ith solar distance; however. Bender 1 ” classified comets according to 
the maximum observed angular si/c of the coma at perihelion. A rating 
of “large” implies a subtended angle of I minute of arc or greater, with 
a total magnitude at perihelion of 6 or less. “Medium” includes coma 
si/cs of 0.3 to 1 .0 arc-minute and magnitudes generally in the 6 to 14 
range. 

Finally, it is important to know the comet's position as precisely as 
possible for navigation purposes. Thus, comets with large nongrav na- 
tional forces leave a measure of uncomfortable uncertainty in their 
position, and this affects the feasibility of accurate navigation to the 
target. 

The above discussion constitutes a brief review of the general and 
specific criteria historically used in the selection of the most promising 
opportunities. While some of these criteria may not apply strictly in a 
decision on a possible mission, the) appear collectively to provide a 
logical rationale for determining the best available opportunities. If all 
or most of the criteria are met by M comet apparition, then that 
opportunity must certainly qualify as a strong candidate 


The Opportunities 

There are 65 periodic comets that will return to perihelion in the lime 
interval 1985 to 2010. The number of perihelion passes that the 
collective group will make between 1985 and 2010 is 197 The listings 
of the comets and their projected perihelion passages have been formally 
collected and tabulated by Bender 10 after an extensive literature search 
and data collection effort. The list of 197 passes thus covers the entire 
field of possible opportunities between 1985 and 2010. Bender con- 
sidered each of the passes as a mission opportunity by partially applying 
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the criteria shown in Table I This initially led to a separation of the 
passes into three categories of interest lor mission opportunities: 

I Primary Interest Those with large coma and absolute magnitude 
brighter than 12. and those w ith medium coma w ilh a tail observed 
in recent years or absolute magnitude brighter than 10.5 

2. Secondary .merest: Those remaining with medium (or larger! 
coma and those with small coma but with an observed tail or 
absolute magnitude brighter than 1 3 

3. Low Interest: All other passes, including those comets not de 
tected during their last live predicted returns 

Bender then added the criteria dealing with l.arth .irrelation (sighting, 
perihelion distance. Barth perihelion distance) and developed a list that 
contains all of the most important single -cornel mission opportunities 
from the present through the year 2010 Table 2 lists the opportuni 
lies m the time span from P>85 (the earliest programmatically possible 
launch date) until 2010. and presents information for use m further 
selection processes All .'(> opportunities accrue lorn favorable passes 
of only 20 of the original 6 5 comets in Bender's beginning list. The 
reason is that although the original b5 comets provided a "potential" 
list of 1^7 passes tor consideration, even a partial application of the 
Table I criteria quickly reduces the number of practical, interesting 
mission opportunities to just 5b The .*<> opportunities of Table 2 can be 
arranged chronologically to tind those candidates providing the earliest 
possible rendezvous mission Table t presents this ordering through 
IW. 

The Halley Kb option is no longer viable for a rendezvous mission 
because of programmatic and funding constraints. To perform the 
rendezvous, a launch in l l >82 was required, with a "new .tart" for the 
project in | ; Y7*J. Prior commitments of NASA funds to other programs 
such as the Space Telescope and Galileo precluded the required commit 
ments lor Halley rendezvous funding However, the Halley ’So appari 
tion remains a viable llvbv mission candidate in conjunction with the 
first rendezvous mission Trajectories have been developed that allow 
deployment of a probe at Halley from a passing "mother" shipcil route 
to rendezvous at Tempcl 2 *S8 and Kncke l H) 

The next chronological option after Halley is the Kncke '87 passage 
This option's primary disadvantages are the relative Karl h- cornel 
geometry at the rendezvous arrival and the low perihelion (0 M Al l 
that will make spacecraft thermal control more difficult The I .nth 
relative geometry does improve within a short time after rendezvous as 
the comet swings through perihelion 


5 


Table 2. Mission opportunities through the year 2010 
(for launches in 1985 or later) 
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1997 May 23 12.2 post peri (0.42/38) 

2000 Sep 28 (1.14/ 22) 

2004 Jan 17 (0.51/ 24) 

2007 May 7 (0.26/45) 
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Table 3. Chronological perihelion passages 
(mission options) through 1093 


1. Halley 1986 

2. Encke 1987 

3. Brorsen-Metcalf 1988 

4. Tempel 2 1988 

5 Schwass.nann Wachmann 1 1989 

6. Tuttlc-Giacohini-Kresak 1990 

7. Encke 1990 

8. Honda Mrkos Pajdusako-a 1990 

9. Kearns-Kwee 1990 

10. Faye 1991 

11. Ashbrook -Jackson 1993 

12. Scbaumasse 1993 

13. Sbajn-Schaldach 1993 


The Bmncn- Metcalf 'XX opportunity does not appear » he a strong 
competitor for the first mission. Its orbital inclination of iV u:g and its 
eccentricity of 0.92 nuke the rendezvous relatively difficult in compari- 
son with most of the other 20 comets The implication is that a vety 
high-performance system capability, approaching that of the Halley 
rendezvous, might be required In addition, the orbit is deemed 
extremely erratic, and adequate navigation would be difficult to accom- 
plish. Also, since B M’s perns! is 69 years, there w ill be no opportunity 
to observe it again prior to launch It was last seen in 1919 

The Tempel 2 'XX apparition has been investigated fairlv thoroughly It 
is the least technically difficult of the early mission options The trajec- 
tories developed to date for the Tempel 2 option also provide a gtssl 
opportunity for the Halley -probe combination. The reduced technical 
requirements imply that this option will be the least costly of any in the 
list 

The next chronological opportunity is Schwassmann- Wachmann I X9 
No serious mission interns! has developed in the past for this opporium 
ty. possibly because its perihelion is 5 7X AU. 

There are four opportunities with 1990 perihelion passages Tuttle 
Giacobini-Kresak. F.nckc. Honda Mrkos-Pajdusakova. and Kearns 
Kwec Of these, essentially all of the mission interest has centered on 
linckc It scents likely that Encke’ s short period, and thus its large 
number of past observations, have kept it at the focus of mission interest 
over the other options in the '90 group Encke'* '90 passage offers a 
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very good geometrical relation with Earth. in contras! to its *87 passage, 
but high orbital eccentricity and the dit'ticult thermal environment 
associated with the 0.34-AU perihelion require a higher-performing 
system than that for the Tempcl 2 *88 opportunity. This, in tum. implies 
higher project cost. Perhaps, the 2. 34-AU perihelion distance argues 
strongly against Keams-Kwee as the preferred 1 99(1 candidate. 

Both T-G-K and Il-M-P have lower perihelion than Keams-Kwee and 
thus may exhibit more of the preferred activity for good science 
return. T-G-K and H-M-P also provide "good** Earth-relative geo- 
metries at their 1990 apparitions, enhancing Earth-based data correla- 
tion potential. Both targets require trajectories of about 975 days, 
although the launch to H-M-P comes almost 7 months later th„n the 
T-G-K mission (November 1987 for H-M-P and April 1987 for T-G-K). 
The H-M-P mission is energetically more difficult and requires a higher- 
performing system. The implication is again for higher project costs. 
H-M-P is not as demanding as the Encke *90 option, however. 

In ascending order of difficulty, the *90 options are. (I) T-G-K. 
(2) H-M-P, and (3) Encke. In Lunch date chronology, th . ire: 
(I) T-G-K. 4/*87: (2) H-M-P. ll/*87. and (3) Encke. 3/ 88. 

All of the 1991 to 1993 grouping seem at first to present fairly good 
opportunities. Faye ’91 and Schauinasse ’93 offer the closest Earth 
approach distances of the four in the group, while Ashbrook-Jackson 
’93 offers the lowest absolute magnitude. However, Brian Marsden 3 has 
recommended that Schauniasse be avoided because of its erratic lion- 
gravitational force behavior. A mission to Faye *91 would not require 
launch until the end of 1988 for a three -year flight time. Faye *91 is not 
a viable option for inclusion of a Halley probe because it would add 
another year beyond combinations based on the 1990 targets (e.g.. 
Hal ley/ Encke ’90). 

No quantitative mission data worth mentioning are available relative to 
Ashbrook-Jackson and Shajn-Schaldach. Probably because the peri- 
helion distances for these comets are 2.28 and 2.23 All. respectively, 
little or no scientific interest has been displayed in either as a target. 

If perihelion greater than 2.0 AU and erratic behavior are used as 
additional screening criteria, then not only do Schauniasse, Ashbrook- 
Jackson. and Shajn-Schaldach opportunities disappear from Tabic 3, but 
Schwassmann-Wachmann I ‘89. and Keams-Kwee *90 drop out also. 
Then, since Halley *86 is no longer a viable rendezvous candidate, and 
if Encke ‘87 is unacceptable because of an Earth-based sighting 
criterion, the list in Table 3 is rapidly reduced to only five oppor- 
tunities (4. 6. 7, 8. 10). These five are listed in Table 4 
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Table 4. Options through 1993 remaining after 
application of selected criteria 


1 Tempel 2 ‘88* 

2. TuttU’ G'jicobini Ktosak *90 

3. Encke ‘90* 

4 Honda Mrkos Pajdusakova ‘90 
5. Fay* *91 


* H.illvy pintHt il«*plov'”**nl optioni ulontititNi. 


Of the l»\ e . Tempi* I 2 ’XX and Ineke *‘H) are ilk* only ones ili.u provide a 
reasonable option lor prolv deployment at Halley l.neke with 
Halley prolx* already projects more (Iran lour years ot and will 

demand significant technology advances m performance and ion engine 

lifetime. 

Summary 

This review has examined the available options lor a lust rendezvous 
mission to a comet The starting point was prov uled by a number ol past 
“opportunities surveys*' that weiv updated and coalesced by Bender in 
1 074 The most promising opportunities developed by Bender were 
examined against several additional criteria, both programmatic and 
technical Bender’s original lists show that initially there are only *b 
perihelia of interest between lot’s and 2010 The examination of the 
chronological listing through loot under the added criteria reduces the 
number of options to those m Table 4 I he earliest of these remaining 
options is Fempel 2 ‘XX 
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